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EXECUTIVE  SUMMARY 


The  effect  of  crosstalk  due  to  Stimulated  Raman  Scattering  and  Cross  Phase  Modulation  in 
HF/VHF/UHF  photonic  links  is  examined.  A  theoretical  model  and  experimental  data  each  of  the 
three  bands  under  the  constraint  of  a  two  wavelength  system.  The  results  presented  in  this  report 
show  that  maintaining  the  dynamic  range  of  a  photonic  link  at  these  frequencies  will  be  quite 
difficult.  This  will  prove  especially  true  for  the  HF/VHF  bands  where  the  WDM  filter  is  shown 
to  be  the  dominant  crosstalk  mechanism. 


E-l 


FIBER-OPTIC  PROPAGATION  EFFECTS  IN  LONG-HAUL  HF/VHF/UHF 
ANALOG  PHOTONIC  LINKS 


1  INTRODUCTION 

Fiber-Optic  communication  links  provide  many  advantages  such  as  increased  bandwidth  and 
resistance  to  electromagnetic  interference.  Foremost  among  these  qualities  is  the  very  low 
propagation  loss  of  the  optical  fiber  itself  Standard  telecommunications  fiber  has  losses  of 
approximately  0.2dB/km  across  all  frequency  bands  which  far  exceeds  the  performance  of  any 
coaxial  cable.  The  advantages  of  this  property  of  the  fiber  become  more  pronounced  as  the 
propagation  distance  increases.  NRL  has  previously  detailed  the  performance  of  HF  band  optical 
links  for  long-haul  transmission  for  distances  of  up  to  40  km  and  the  trade-offs  of  coaxial  cable 
versus  fiber-optics  as  a  function  of  transmission  length  [1-3].  For  the  links  described  there,  40 
km  distance  represents  the  maximum  transmission  distance  in  analog  HF  band  systems.  Longer 
distances  or  higher  frequency  systems  may  necessitate  incorporating  mid-span  amplification  or 
other  unique  architectures  that  require  significant  research  and  development  efforts  to  implement. 
At  such  long  distances  the  need  to  be  vigilant  in  maintaining  the  relative  phase  between  all 
elements  in  a  system  is  paramount.  There  are  several  effects  that  occur  in  optical  fiber  that  can 
alter  the  phase  relationship  between  signals  in  separate  fibers  or  between  signals  that  are 
multiplexed  onto  the  same  fiber.  These  effects  can  cause  not  only  variability  in  phase  that  affects 
the  ability  to  perform  direction  finding  but  can  also  adversely  affect  the  RF  performance  of  the 
links. 

A  popular  method  of  taking  advantage  of  the  large  bandwidth  afforded  by  optical  fiber  is 
wavelength  division  multiplexing  (WDM).  This  technique  uses  multiple  wavelengths  or  colors  of 
light  and  co-propagates  them  on  a  single  fiber.  The  separation  between  the  channels  is  much 
larger  than  the  bandwidth  needed  for  the  system.  For  A  channels  being  multiplexed,  an  N  times 
increase  is  achieved  in  the  amount  of  information  carried  on  the  fiber.  This  allows  for  fewer 
fibers  to  be  used  between  the  transmitters  and  receivers  in  a  fiber-optic  system.  The  technology 
needed  to  achieve  this  is  widely  used  in  the  telecommunications  industry  and  many  commercial 
components  are  available.  A  possible  WDM  architecture  for  an  antenna  array  of  A-elements  is 
shown  in  Fig.  1.  The  usage  of  multiple  wavelengths  combined  with  a  long  propagation  distance 
gives  rise  to  several  effects  that  need  to  be  analyzed  so  that  system  performance  can  be 
adequately  specified. 


Fig.  1.  Proposed  WDM  architecture. 


Manuscript  approved  November  19,  2013. 
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Figure  2.  An  example  of  Four  Wave  Mixing  in  optical  fiber. 


Propagation  effects  in  fiber  range  from  linear  scattering  mechanisms  to  relatively  complicated 
nonlinear  processes.  The  linear  process  of  Rayleigh  scattering,  due  to  the  elastic  scattering  of  a 
photon  from  an  atom  or  molecule,  is  the  dominant  loss  mechanism  in  fiber  at  1550nm.  Previous 
reports  have  addressed  other  phenomena  such  as  phase  drift  due  to  temperature  in  long  fiber 
lengths  as  well  as  the  effects  of  chromatic  dispersion  resulting  from  the  frequency  dependent 
index  of  refraction  of  the  optical  fiber  for  HF  applications  [1].  Optical  fiber  is  an  inherently 
nonlinear  medium  as  a  consequence  of  its  composition,  the  manufacturing  processes  used  to 
produce  it,  and  the  nature  of  its  usage.  An  example  of  this  is  four  wave  mixing  (FWM)  where 
two  different  wavelengths  of  light  interact  to  produce  two  other  wavelengths.  This  is  analogous 
to  third  order  intermodulation  distortion  in  RF  systems  where  two  tones  can  combine  to  form 
distortion.  Generally,  the  passage  of  light  through  the  fiber  medium  induces  a  polarization  in  the 
fiber  that  has  a  nonlinear  dependence  on  the  applied  electric  field  of  the  light.  This  induced 
polarization  P  is  a  nonlinear  function  of  the  applied  electric  field  E  and  can  be  written  as  a  power 
series  expansion  [4]: 


F  =  s0  ( Z(1)  *  E  +  z(2)  •  EE  +  Z(3)  •  EEE  +  •  •  •) , 


(1) 


where  s0  is  permittivity  of  vacuum  and  z^  is  the  n- th  order  susceptibility.  The  first-order  term 
including  z^  describes  linear  propagation  in  fiber.  Because  of  the  molecular  structure  of  the 

fiber  material  the  third  order  nonlinear  susceptibility  z^  is  most  important  in  photonic  systems. 
The  primary  single  channel  nonlinearity  is  stimulated  Brillouin  scattering  (SBS),  the  result  of  a 
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photon-acoustic  phonon  interaction,  has  also  been  previously  addressed  for  HF  applications  [1]. 
In  addition  to  SBS  there  are  numerous  fiber  nonlinearities  that  can  have  a  negative  impact  on 
system  performance.  Nonlinearities  such  as  polarization  mode  dispersion  (PMD),  which  is  due  to 
birefringence  of  the  fiber,  and  self  phase  modulation,  which  is  applicable  in  pulsed  systems,  are 
beyond  the  scope  of  this  report.  There  are  a  number  of  crosstalk  mechanisms  in  fiber-optic  links. 
The  two  that  are  most  relevant  for  the  present  discussion  are  stimulated  Raman  scattering  (SRS) 
and  cross-phase  modulation  (XPM).  SRS  arises  from  an  inelastic  collision  with  the  scattered 
photon  possessing  a  different  energy  and  therefore  a  different  wavelength.  As  a  result  the 
scattered  photon  would  then  occupy  a  different  channel  in  the  WDM  architecture.  In  an  intensity 
modulated  system  this  means  that  information  from  one  channel  would  be  moved  to  another. 
XPM  is  a  nonlinear  optical  effect  where  one  wavelength  of  light  alters  the  phase  of  another 
wavelength  through  the  nonlinear  refractive  index.  This  phase  modulation  is  then  converted  to 
intensity  modulation  via  the  chromatic  dispersion  and/or  DRS  in  the  fiber.  In  addition  various 
effects  in  the  fiber  span  the  crosstalk  in  the  WDM  filters  themselves  must  also  be  taken  into 
consideration  [5]. 

The  remainder  of  this  report  will  include  a  more  complete  treatment  of  double  Rayleigh 
scattering  in  Section  2.  Section  3  will  cover  the  calculations  for  stimulated  Raman  scattering  and 
cross-phase  modulation  in  WDM  systems.  In  Section  4  crosstalk  data  for  HF/VHF/UHF  bands 
will  be  presented  with  a  discussion  of  this  data  and  its  impact  on  systems  in  these  bands  in 
Section  5.  Conclusions  based  on  the  calculated  and  measured  data  will  be  offered  in  Section  6. 

2  DOUBLE  RAYLEIGH  SCATTERING  (DRS) 

Multiple  reflection  points  in  a  fiber-optic  link  can  cause  interference  and  noise.  Such  multiple- 
path  interference  (MPI)  can  convert  phase  noise  to  intensity  noise.  Consider  the  cartoon  shown  in 
Fig.  3.  A  portion  of  a  forward-traveling  wave  can  be  reflected  to  propagate  in  the  reverse 
direction.  A  small  amount  of  this  backscattered  wave  can  then  be  reflected  to  co-propagate  with 
the  signal.  The  laser  signal  can  then  interfere  with  a  delayed  version  of  itself,  thus  converting 
laser  phase  fluctuations  to  intensity  fluctuations.  If  the  output  of  such  a  link  is  passed  to  a 
photodiode,  the  laser  lineshape  will  be  replicated  at  baseband.  The  level  of  the  delayed  signal 
will  typically  be  much  smaller  than  the  un-delayed  version.  Discrete  reflections  in  the  fiber  link 
can  be  caused  by  bad  splices  or  connectors.  Such  MPI  can  be  managed  with  proper  link 
construction  and  maintenance.  However,  a  distributed  reflection  will  occur  due  to  Rayleigh 
scattering  in  the  fiber,  a  process  that  is  not  as  easily  mitigated. 

Rayleigh  scattering  in  fiber  is  the  primary  source  of  attenuation  near  1.55  pm,  dominating 
other  sources  such  as  absorption  and  radiative  losses.  Rayleigh  scattering  arises  from  small 
inhomogeneities  in  the  fiber  and  results  in  light  scattering  in  all  directions.  Double  Rayleigh 
scattering  is  an  important  source  of  MPI  in  long  fiber  optic  links.  The  DRS  process  provides  a 
mechanism  for  a  nearly  continuous  set  of  reflections  of  the  type  shown  in  Figure  3.  The 
calculations  and  data  shown  in  this  section  will  be  given  in  terms  of  Relative  Intensity  Noise 
(RIN).  This  normalization  allows  for  the  data  to  be  examined  independent  of  received 
photocurrent.  The  RIN  at  a  link  output  due  to  DRS  can  be  derived  using  a  theory  similar  to  that 
given  by  [6]  as 
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Fig.  3.  Pictorial  representation  of  Rayleigh  scattering. 
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Fig.  4.  Measured  (symbols)  and  calculated  DRS-induced  (lines)  relative  intensity  noise  at  the  output  of  6 
km  (gray)  and  19  km  (black)  of  standard  single-mode  optical  fiber.  Shown  also  is  the  calculated  level  due 
to  shot  noise  and  RF  amplifier  noise  from  the  measurement  apparatus. 
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where  Rhs  is  the  Rayleigh  backscattering  reflectance  for  the  fiber,  a  is  the  attenuation  coefficient, 
L  is  the  fiber  length,  Avis  the  FWHM  Lorentzian  linewidth  and  /is  the  electronic  frequency. 
Equation  (2)  is  valid  only  for  a  laser  exhibiting  a  Lorentzian  lineshape  outside  its  coherent  length. 

Shown  in  Figure  4  are  two  RIN  spectra  measured  at  the  output  of  6-  and  19-km  spans  of 
standard  single-mode  fiber  both  with  an  average  photocurrent  of  /dc  =  0.92  mA.  A  low-noise  RF 
amplifier  with  a  noise  figure  2  dB  was  used  to  amplify  the  signals  above  the  spectrum  analyzer 
noise  floor.  A  semiconductor  laser  was  used  as  the  optical  input,  having  Av=  481  kHz.  The 
attenuation  coefficient  was  measured  as  a  =  0.18  dB/km  for  each  span.  The  Rb$  in  Equation  (2) 
was  used  as  a  fit  parameter  to  the  6-km  spectrum,  resulting  in  Rbs  =  -30.5  dB.  This  same  value 
was  then  used  in  the  calculation  for  L  =  19  km.  Neither  shot  noise  nor  amplifier  noise  were 
subtracted  from  the  measured  results.  The  resulting  noise  floor  set  by  these  two  sources  is  shown 
in  Figure  4  at  a  level  of  -150.3  dBc/Hz.  The  measured  data  and  theoretical  results  in  Fig.  4  agree 
well,  justifying  the  use  of  Equation  (2)  for  link  design  and  analysis.  Again,  Equation  (2)  was 
derived  for  a  laser  exhibiting  a  Lorentzian  lineshape  and  for  MPI  where  the  differential  path 
lengths  are  outside  the  coherence  length  of  the  laser  [  rc  =  \j{n  •  A  v)  for  a  Lorentzian]. 

The  relationship  between  RIN  and  fiber  length  is  fairly  obvious  based  on  Fig.  4.  As 
length  increases  there  are  more  opportunities  for  photons  to  scatter  and  therefore  more  noise  at 
the  distal  end  of  the  link.  Figure  5  shows  the  calculated  RIN  spectra  as  a  function  of  three 
different  lengths  for  a  fixed  linewidth  laser.  It  is  also  instructive  to  look  at  how  RIN  changes  as  a 
function  of  A  v  for  a  fixed  length  of  propagation  distance.  As  shown  in  Fig.  5  the  lower  linewidth 
lasers  rollover  at  lower  frequencies  but  have  higher  RIN  levels  at  that  point.  However,  at 
frequencies  in  the  HF  band  and  above  it  is  clear  that  at  a  given  frequency  the  RIN  value  is  lower 
for  a  lower  linewidth  laser. 
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Fig.  5.  RIN  spectra  due  to  DRS  as  a  function  of  linewidth  and  length. 


3  INTERCHANNEL  CROSSTALK  CALCULATIONS 
3.1  Stimulated  Raman  Scattering  (SRS) 

Stimulated  Raman  scattering  (SRS)  involves  optical  phonons  interacting  with  photons.  The 
associated  frequency  shift  of  the  light  for  Raman  scattering  is  around  13  THz  for  optical  fibers. 
The  Raman  gain  spectrum  is  very  broad  for  Raman  scattering  and  can  span  tens  of  THz.  It  is 
important  to  note  that  Raman  scattered  light  can  counter-  or  co-propagate  with  the  signal.  SRS 
can  cause  serious  problems  for  multi-channel  links  in  the  form  of  interchannel  crosstalk. 

For  a  single  channel  link,  where  the  signal  acts  as  the  pump  for  the  spontaneous  Raman 
process,  the  threshold  at  which  Raman  scattering  becomes  stimulated  can  be  calculated.  A  simple 
approximation  for  the  SRS  threshold  power  can  be  used  [7] 
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eff 


(3) 


where  gR  is  Raman  gain  coefficient.  The  Raman  gain  coefficient  can  be  estimated  using 
previously-published  data  [8]  with  a  triangular  fit  having  a  slope  of  5.0  x  10'15  m/W/THz  [9].  For 
1550  nm  light  in  standard  optical  fiber,  the  peak  Raman  gain  occurs  at  a  frequency  shift  of  about 
13  THz,  where  gR  =  6.5  x  10'14  m/W.  Inserting  this  value  along  with  the  same  parameters  for 
calculating  the  minimum  SBS  threshold  power  (4eff  =  85  qm2,  a  =  0.2  dB/km  and  Lcff  =21.7  km) 
into  Equation  (3)  yields  30  dBm  (1  W)  for  the  minimum  SRS  threshold.  By  comparison  the 
calculated  SBS  threshold  using  the  same  parameters  is  3  dBm  (2  mW).  Clearly,  SBS  will  inhibit 
performance  at  much  lower  power  levels  than  SRS.  However,  the  effects  of  SRS  in  terms  of  RF 
crosstalk  are  important  as  detailed  in  the  following. 

The  effects  of  SRS  on  the  RF  crosstalk  in  a  multi-channel  link  involve  solving  coupled 
differential  equations  that  describe  the  evolution  of  the  different  wavelengths  propagating  in  the 
fiber.  A  two-channel  system  is  assumed  in  this  treatment  where  the  equations  are  [9] 
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In  these  equations  the  subscripts  correspond  to  the  signals  at  wavelengths  X\  and  Z2,  /  is  the 
optical  intensity,  v  is  the  group  velocity  and  a  is  the  fiber  loss.  The  Raman  gain  coefficient  is 
taken  to  be  positive  when  >  X2  and  negative  when  X\  <  X2  and  can  be  approximated  as  [10] 
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Assuming  that  X\  is  an  unmodulated  continuous  wave  (CW)  signal  and  that  A2  is  modulated  by  an 
RF  signal,  the  RF  crosstalk  (Xtalk)  from  A2  onto  X\  is  defined  as 


Xtalk  = 


^rf,i  (^) 

^RF,2  (^) 


(7) 


the  ratio  of  the  RF  power  on  channel  1  (CW)  at  the  link  output  to  that  on  channel  2  (modulated). 
Equations  4  and  5  can  be  solved  for  the  amplitude  (XtalkSRs)  and  RF  phase  (@srs)  of  the  crosstalk 
due  to  SRS  yielding  the  following  equations  [9] 
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Here,  ps rs  is  the  polarization  overlap  factor  that  is  one  when  the  two  beams  are  in  the  same 
polarization  and  nearly  zero  when  they  are  in  orthogonal  polarizations,  P2  is  the  average  optical 
power  in  the  modulated  channel  at  the  fiber  input  (assumed  to  be  amplitude  modulation),  Q  is  the 
angular  drive  frequency,  a\  =  a2  =  a  is  assumed,  and  d\2  is  the  walk-off  parameter.  This  last 
parameter  describes  the  effect  of  chromatic  dispersion  and  is  defined  as  [4] 
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Fig.  6.  Calculated  crosstalk  due  to  stimulated  Raman  scattering  in  a  25-km  link  with  a  modulated  channel 
at  1550  nm.  Plot  (a)  is  in  linear  space  while  plot  (b)  is  log  scale. 


^i2=A(^)-A(^)  =  --- -*0(4-^), 

V1  V2 


(10) 


where  /?i  is  the  propagation  constant  and  D  is  the  chromatic  dispersion  parameter.  The  RF  phase 
of  the  SRS-induced  crosstalk  [Equation  (9)]  is  important  when  multiple  sources  of  crosstalk  are 
considered,  which  need  to  be  combined  with  their  relative  phases  preserved.  The  arguments  of 
the  inverse  tangent  functions  in  Equation  (9)  are  written  to  be  compatible  with  an  “atan2” 
function,  which  is  commonly  used  in  many  computer  languages. 

Equations  (8)  and  (9)  have  been  validated  previously  [9]  and  are  compared  to  measured  data 
in  the  following  section.  Equation  (8)  can  be  employed  to  predict  the  level  of  crosstalk  due  to 
SRS  as  shown  in  Fig.  5,  where  the  SRS-induced  crosstalk  from  /l2  =  1550  nm  onto  12  values  of  X\ 
is  shown.  The  following  inputs  are  used  for  the  calculation:  RS  =  1,  a  =  0.2  dB/km,  L  =  25  km, 
P2  =  0  dBm,  Aq ff  =  85  pm2  and  D  =  16.5  ps/nm/km.  As  given  by  Equation  (6),  the  amplitude  of 
the  SRS  crosstalk  is  equal  for  equal  separation  above  or  below  the  modulated  channel.  The  effect 
of  SRS  worsens  with  larger  channel  spacing,  with  the  peak  Raman  gain  occurring  near  1450  nm 
for  a  1550  nm  signal.  As  shown  in  Fig.  5,  the  SRS  crosstalk  is  larger  and  more  sensitive  to 
channel  spacing  at  low  modulation  frequencies.  This  point  is  important  to  consider  for  HF  and 
VHF  implementations  of  analog  photonics  such  as  for  antenna  remoting  applications. 

3.2  Cross-Phase  Modulation  (XPM) 

The  linear  part  of  the  refractive  index  (n)  is  important  in  terms  of  effects  such  as  chromatic 
dispersion.  The  total  refractive  index  («T)  will  depend  on  the  optical  intensity  in  the  fiber  due  to 
its  nonlinear  susceptibility: 


nT 


-  n 


+  n2  \E\2 


(ii) 
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where 


=  -n-  Re 
2  8 


X 


(3)' 


(12) 


is  the  nonlinear  index  coefficient  and  E  is  the  electric  field  in  the  fiber  [4].  A  typical  value  of  n2 
for  single-mode  fiber  is  n2  =  2.6xlO'20  m2/W  [11]  but  precise  values  depend  on  the  specific  fiber 
type.  If  the  intensity  is  modulated,  the  index  of  refraction  will  be  modulated,  which  will  cause 
phase  modulation  of  a  signal  propagating  in  the  fiber.  This  process  gives  rise  to  self-phase 
modulation  (SPM)  and  cross-phase  modulation  (XPM). 

The  nonlinear  refraction  can  convert  intensity  modulation  to  phase  modulation  in  the 
fiber.  A  single  signal  can  impose  such  modulation  onto  itself,  the  SPM  process.  Phase 
modulation  can  be  imposed  onto  a  signal  by  other  signals  in  the  fiber,  the  XPM  effect.  An 
analysis  of  Equation  (11)  can  show  that  the  phase  shift  imposed  by  XPM  is  twice  that  due  SPM 
for  two  equal-intensity  optical  signals.  For  an  intensity-modulation  direct-detection  link,  the 
nonlinear  phase  modulation  by  itself  may  not  be  a  problem  because  a  photodiode  alone  is 
insensitive  to  optical  phase  fluctuations.  However,  SPM  and  XPM  can  be  converted  to  intensity 
modulation  by  chromatic  dispersion.  Likewise,  a  constant  intensity  modulation,  such  as  phase 
modulation,  will  not  cause  SPM  or  XPM.  However,  if  chromatic  dispersion  converts  the  phase 
modulation  to  intensity  modulation,  the  intensity  modulation  can  cause  SPM  and  XPM,  which 
can  then  distortion  the  original  phase-modulated  signal.  The  effects  of  SPM  and  XPM  are 
therefore  strongly  dependent  on  the  dispersion  map  for  a  link,  not  simply  the  net  dispersion. 
Therefore,  the  crosstalk  mechanism  for  the  phase-modulated  link  is  a  three  step  process.  First, 
dispersion  transforms  the  phase-modulation  into  intensity  modulation.  This  intensity  modulation 
then  causes  XPM,  which  is  converted  to  intensity-modulated  crosstalk  via  dispersion  or  the 
phase-sensitive  receiver.  This  is  more  efficient  with  a  higher-dispersion  fiber  first  for  most  of  the 
frequency  range  shown. 

The  calculation  of  XPM-induced  crosstalk  in  a  two-channel  link  involves  many  of  the 
same  parameters  used  in  the  previous  section  to  describe  SRS  crosstalk.  For  two  wavelengths  X\ 
(unmodulated  CW)  and  X2  (intensity  modulated),  the  crosstalk  can  be  derived  using  a  technique 
called  the  wave-envelope  perturbation  analysis  [12].  The  results  in  terms  of  the  amplitude 
(XtalkxpM)  and  RF  phase  (@xpm)  of  the  crosstalk  due  to  XPM  are  [9] 


_f  2n2A[DP2Cl  px pM 
AtalKxpM  -  - - -  x 

V  ^effC  J 

1  +  e2aL  - leaL  (1  -  aL)cos(dnQL) -2L[a  +  </12©e_ai  sin(</12fiL)]  +  (a2  +  d22€l2 )l2 

(a2  +  df2D.2  )2 


© 


XPM 


=  tan 


2  Cldl2a 
^  cc  d^2  j 


+  tan 


e  aZsin(Q dnL)-£ldnL 
e~aL  cos(QJ12F)-1  +  aL 


(14) 
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Fig.  7.  Calculated  crosstalk  due  to  XPM  in  a  25-km  link  with  a  modulated  channel  at  1550  nm.  Plot  (a)  is 
in  linear  space  while  plot  (b)  is  log  scale. 


where  all  parameters  are  as  defined  previously  and  px pm  is  the  polarization  overlap  factor  for  the 
XPM  process.  Neglecting  the  effects  of  PMD,  px  pm  ranges  from  one-third  for  perpendicular 
polarizations  to  one  for  parallel  polarizations.  Like  the  SRS  case,  the  crosstalk  due  to  XPM  is 
symmetric  about  the  modulation  channel  for  the  wavelengths  shown.  At  low  modulation 
frequencies,  the  crosstalk  is  very  low  as  governed  by  the  first  term  in  Equation  (13).  However, 
the  crosstalk  due  to  XPM  increases  rapidly  with  frequency  as  shown  in  Fig.  7.  The  effect  of 
channel  spacing  for  XPM  is  opposite  that  for  SRS;  the  efficiency  of  XPM-induced  crosstalk  is 
higher  at  narrower  channel  spacing.  The  theory  for  XPM  as  given  by  Equation  (13)  is  quite 
useful  in  predicting  a  variety  of  scenarios  but  can  sometimes  yield  erroneous  results  as  described 
by  [13].  Particularly,  the  effects  of  pump  channel  distortion,  which  are  not  included  in  Equation 
(13),  are  important  at  high  modulation  frequency  and/or  some  dispersion-managed  fiber  spans 
[13]. 


9 


-30 


-40 


— -50 
CD 

tn  -60 

lA 

\A 

o 

u  -70 


-80 

-90 

0.0  0.5  1.0  1.5  2.0  2.5  3.0 

Frequency  (GHz) 

Fig.  8:  Plot  of  crosstalk  vs.  frequency  for  multiple  wavelengths.  The  dominance  of  the  filter  crosstalk  is 
shown  at  lower  frequencies  covering  the  HF  and  VHF  bands. 

4  CROSSTALK  MEASUREMENTS 

This  section  covers  measured  crosstalk  data  and  its  comparison  to  the  theory  developed  in  the 
previous  section.  The  measurements  were  performed  by  using  WDM  filters  to  pass  the  active 
channel  while  the  power  from  all  other  wavelengths  was  collected  from  the  filter  rejection  port. 
Two  filters  in  series  were  used  in  order  to  increase  the  rejection  of  the  measurement  system.  Due 
to  the  properties  of  the  filter  the  HF  and  VHF  are  bands  dominated  by  the  crosstalk  of  the  filter 
itself.  As  can  be  seen  in  Fig.  8  there  is  a  dramatic  rise  in  the  level  of  crosstalk  at  frequencies 
below  300  MHz.  This  rise  cannot  be  physically  described  by  SRS,  XPM,  or  any  other  crosstalk 
mechanism. 

The  data  below  show  the  complete  set  of  crosstalk  measurements  including  both  SRS  and 
XPM  theory  that  was  developed  in  previous  sections,  as  well  as  the  vector  sum  of  both  of  those 
mechanisms.  The  parameters  used  for  the  calculations  are  shown  in  Table  1.  While  not  all  of  the 
plots  are  equally  instructive  the  full  set  has  been  included  for  archival  purposes.  As  expected 
SRS  crosstalk  is  the  dominant  mechanism  for  frequencies  that  are  farther  away  from  the 
modulated  frequency  while  XPM  dominates  for  small  frequency  differences  as  in  the  plot  for 
1553  or  1554nm.  Of  interest  is  the  fact  that  the  data  match  theory  more  closely  for  wavelengths 
that  are  longer  than  the  modulated  wavelength.  Most  likely  this  is  due  to  the  dispersion  of  the 
filter.  In  addition  to  this  dispersion  the  mismatch  between  theory  and  experiment  can  be 
attributed  to  other  mechanisms  such  as  four  wave  mixing  and  various  polarization  effects. 


Filter-Dominated 
Crosstalk 
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Table  1 .  List  of  the  parameters  used  to  fit  the  data  shown  below. 


Variable 

Value 

Description 

pSRS 

0.9 

Polarization  Overlap  factor 

11  (nm)  CW 

1530  tol565 

CW  Laser  wavelength 

X2  (nm)  Mod 

1551.57 

Modulated  Laser  Wavelength 

a  (dB/km) 

0.2 

Optical  Fiber  Propagation  Loss 

L  (km) 

19.1 

Fiber  length 

P2  (dBm) 

1.7 

Aeff  (urn2) 

85 

Fiber  Effective  Area 

D  (ps/nm/km) 

16.5 

SMF-28e+  Dispersion 

gR  (m/W) 

-1.36204E-14 

Raman  Gain  Coefficient 

dl2  (ps/km) 

-355.905  to  221.595 

See  Eq.  10 

Leff  (km) 

12.70417226 

Fiber  Effective  Length 
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5  SRS  AND  XPM  IMPACT  ON  HF/VHF/UHF  LINKS 


Based  on  the  theory  developed  as  well  as  the  data  collected  and  presented  in  the  previous 
sections  the  effect  of  both  SRS  and  XPM  crosstalk  can  now  be  evaluated  for  HF/VHF/UHF 
photonic  links  and  the  systems  that  employ  them.  The  results  of  such  an  analysis  are  presented  in 
Fig.  9.  For  these  data,  the  crosstalk  due  to  SRS  and  XPM  was  calculated  given  the  above 
equations  and  parameters,  which  assumes  an  ideal  WDM  filter.  The  maximum  crosstalk  level  in 
each  of  the  HF,  VHF  and  UHF  bands  are  shown  in  Fig.  9.  Note  that  all  of  these  levels  are  well 
below  the  dynamic  range  afforded  by  state-of-the-art  analog  fiber  optic  links  for  HF  antenna 
remoting  [1]. 
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Fig.  9.  Calculated  maximum  crosstalk  as  a  function  of  wavelength  for  the  HF,  VHF  and  UHF  bands. 
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6  CONCLUSIONS  AND  FURTHER  CONSIDERATIONS 


This  report  has  examined  the  theoretical  expectations  and  experimental  results  of  crosstalk  due  to 
Stimulated  Raman  Scattering  and  Cross  Phase  Modulation  in  HF/VHF/UHF  photonic  links. 
Using  the  equations  for  SRS  and  XPM  the  best  case  was  calculated  for  each  of  the  three  bands 
under  the  constraint  of  a  two  wavelength  system.  Given  the  results  presented  in  this  report 
maintaining  the  dynamic  range  of  the  photonic  links  will  be  quite  difficult.  This  will  prove 
especially  true  for  the  HF/VHF  bands  where  it  would  be  desirable  to  avoid  the  filter  dominated 
crosstalk  shown  here.  If  a  WDM  system  is  to  be  deployed  in  the  future  careful  and  thorough 
analysis  and  testing  of  the  filters  considered  for  deployment  should  be  undergone  before  a  final 
system  architecture  is  selected. 

In  addition  to  an  analysis  of  filter  crosstalk  there  are  several  other  processes  that  could  be 
considered  for  research  in  order  to  more  full  characterize  and  gain  a  better  understanding  of  the 
complicated  interactions  in  long  fiber  lengths  within  the  bands  of  interest.  Among  these  are  XPM 
being  converted  to  intensity  modulation  due  to  the  dispersion  of  the  WDM  filter  and  an  in  depth 
examination  of  the  effects  of  four  wave  mixing  which  was  briefly  discussed  in  this  report.  Also 
to  be  considered  are  the  effects  of  multiple  wavelengths  interacting  with  each  other.  In  addition 
to  crosstalk  effects  there  are  a  number  of  optical  processes  that  can  result  in  RF  distortions. 
These  include,  FWM,  polarization  mode  dispersion,  and  chromatic  dispersion.  The  later  of  these 
can  be  easily  corrected  by  using  dispersion  compensating  fiber  however  the  use  of  this  fiber  can 
have  a  deleterious  effect  on  crosstalk.  Also  for  long  haul  links  that  employ  optical  amplifiers  the 
RF  distortion  due  to  these  amplifiers  must  be  considered  as  well. 
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